When filaments of Anabaena spp. are deprived of fixed nitrogen, heterocysts form with semiregular spacing (18). Fritsch's suggestion (19) that heterocyst spacing results from heterocysts inhibiting nearby cells from differentiating was confirmed experimentally (43, 44) . Genes involved in heterocyst spacing were later identified. A mutant phenotype of heterocysts forming only at the ends of the filaments, first reported with Anabaena cylindrica (42) , was later shown to be characteristic of a gene designated patA (29) in Anabaena sp. strain PCC 7120 (referred to herein as Anabaena sp.). Overexpression of patA resulted in decreased heterocyst spacing (50) . hetR, whose mutation can prevent heterocyst formation, is involved in both cell differentiation and pattern formation (4, 8, 9, 23, 27, 52) . When cells first differentiate, patS prevents nearby cells from differentiating, an effect that becomes much less pronounced after ca. 1 to 2 days (46, 48, 49) , during which period hetN becomes active, further preventing nearby cells from differentiating (5, 6, 11) . Other genes that play a role in heterocyst spacing include patN, whose mutation results in unusually close spacing of single heterocysts (34) ; patU3 (51) (patU in Nostoc punctiforme [33] ), with patU5 also involved (51); patB (25, 30) ; and hetL (31) . Epistasis analysis led to the interpretation that PatA attenuates the inhibitory effects of PatS and HetN on differentiation (37) . Fluorescence from a P patA -gfp promoter fusion can be observed both in vegetative cells and in heterocysts when overexpressed from the native promoter of patA in a plasmid (41) , and when a patA-gfp translational fusion was overexpressed under the control of the Cu 2ϩ -regulated petE promoter in a plasmid, green fluorescence was detected in a ring at the center of dividing cells by confocal microscopy, leading to the suggestion that PatA may be involved in cell division (50) .
PatA resembles a response regulator that lacks an intact DNA-binding domain. It has a phosphate-receiving domain with which one or more histidine kinases may interact and a domain designated PATAN (32) . Because PatA appears to be a regulatory protein that does not interact with DNA, and whose mutation greatly changes the phenotype of Anabaena sp., we used PatA as bait to screen a yeast two-hybrid library of Anabaena sp. DNA to identify proteins with which PatA may interact.
Culture conditions, heterocyst induction, and photomicrography were performed as described previously (16, 28) . Saccharomyces cerevisiae strains (Table 1) AH109 and Y187 were grown at 30°C in either YPDA medium or the appropriate SD medium (13) . Strains of Escherichia coli (Table 1) were grown in LB medium at 37°C with antibiotics as appropriate.
Yeast two-hybrid analysis. To increase the likelihood of inserted Anabaena sp. genomic DNA fragments being in the correct reading frame and therefore correctly translated, we modified the prey vector pGADT7 from the Matchmaker GAL4 yeast two-hybrid system (Clontech) to produce two additional vectors, pGADT7P1 and pGADT7M1 ( Table 1 ). The three prey vectors were digested individually with BamHI, ClaI (only those enzymes offered different reading frames in the three vectors), EcoRI, and NdeI, and the ends of the DNA were dephosphorylated. Anabaena sp. genomic DNA, extracted as described previously (10) , was partially digested individually with Sau3AI, matching BamHI ends; AciI, HinP1I, HpyCH4IV, MspI-and its isoschizomer, HpaII-and TaqI, matching ClaI ends; Tsp509I, matching EcoRI ends; and MseI and BfaI, matching NdeI ends. DNA fragments of sizes 0.5 to 1 kb, 1 to 1.5 kb, 1.5 to 2 kb, and 2 to 3 kb generated by each of the 4-bp target site enzymes were recovered and ligated with the corresponding dephosphorylated vectors. For each 4-bp target site enzyme and 6-bp cloning site for each corresponding vector, the products of ligation of the four fragment sizes were combined and transformed into E. coli XL10-Gold Ultracompetent cells (plus a small contribution from Elec- (12, 13) .
The entirety of patA, PCR amplified from Anabaena sp. DNA with Pfu Turbo polymerase (Stratagene) using primers IDT275 and IDT276, and digested with BamHI and PstI, was inserted between the same two sites of the bait vector pGBKT7, yielding bait plasmid pRL3164. The correctness of the construct was verified by sequencing. pRL3164 was transferred to yeast strain Y187 by LiAc-mediated transformation with selection on SD/ϪTrp/X-␣-Gal (X-␣-Gal is 5-bromo-4-chloro-3-indolyl-␣-galactopyranoside) to select for the TRP1 allele in pGBKT7 and to determine whether pRL3164 would autonomously activate mel1, encoding ␣-galactosidase.
Once it was found that S. cerevisiae strain Y187 (pRL3164) did not autoactivate, it was mated (13) with the prey library and then plated onto high-stringency selective SD/ϪAde/ ϪHis/ϪLeu/ϪTrp/X-␣-Gal medium. Growth in the absence of Ade (adenine) and His (histidine) and hydrolysis of X-␣-Gal by ␣-galactosidase depend on activation of GAL4 in the zygotes as a consequence of binding of the products of translation of the inserts in the bait and prey plasmids. Approximately 1.4 ϫ 10 7 zygotes were screened. To eliminate instances of two prey plasmids being present in a colony, blue colonies were restreaked 3 times onto SD/ϪAde/ϪHis/ϪLeu/ϪTrp/X-␣-Gal plates and incubated at 30°C for 4 to 6 days after each streak. Some blue colonies lost a plasmid upon restreaking and became white. Only zygotic colonies that grew and were blue were tested further. The inserts from the blue clones were PCR-amplified with primers IDT289 and IDT290 to test whether pRL3164, and thus patA, was present in the cells and with primers IDT273 and IDT750 to examine prey clones. Template DNA either was obtained directly from yeast colonies treated with zymolase (Zymo Research) or was isolated by a Wizard Plus SV miniprep DNA purification system (Promega) or by a yeast boiling rescue procedure (39) . BLAST analysis (1) determined whether both patA and a prey gene were present in the yeast cells.
Approximately 300 prey plasmid inserts were PCR amplified, providing 222 sequences and identifying 139 Anabaena sp. open reading frames (ORFs). To retest interaction, plasmids bearing the identified ORFs were retransformed (2) to competent AH109, with selection on SD-Leu Ϫ plates. The resulting strains were then mated with Y187 (pGBKT7) and separately with Y187 (pRL3164), and cell mixtures spread atop SD/ϪAde/ϪHis/ϪLeu/ϪTrp/X-␣-Gal plates. Empty-vector negative controls and a positive control (pGADT7-T and pBGKT7-53) were included. Those showing self-activation with pGBKT7 were discarded, as were those that failed to show an interaction with pRL3164.
All3305 interacts with PatA in yeast, and mutations in all3305 and patA result in similar phenotypes in Anabena sp. A positive retest (data not shown) of pGADT7-225, starting at bp 3988214 of all3305, with pRL3164 in an AH109-Y187 zygote implied that All3305 and PatA interact in yeast. Plasmid pRL3304b (Table 1 ) was transferred to Anabaena sp. by triparental mating (15, 45) to mutate all3305. Exconjugants were selected with 10 g erythromycin ml Ϫ1 for homologous recombination, followed by sacB selection (10) and repeated subculture in the presence of 20 g spectinomycin ml Ϫ1 plus 1 g streptomycin ml Ϫ1 . Complete segregation of double recombinant strain DR3304b was verified by PCR (data not shown).
The Fox Ϫ phenotype has been defined as requiring fixed nitrogen for growth in the presence of oxygen (28) and Fox genes as those whose mutation leads to a Fox Ϫ phenotype. (On the first page of reference 28, "Fix" should be "Fix Ϫ " and the first three uses of Fox, with and without quotation marks, should be Fox Ϫ .) Fox Ϫ mutants are often presumptively identified by their persistent change of color from blue-green to yellow and lack of protracted growth in response to nitrogen step-down. Random transposon mutagenesis (17, 22) gave rise to the all3305 mutants FQ214, FQ806, FQ1327, and FQ1500, whose change of color from blue-green to yellow when deprived of fixed nitrogen was subsequently followed by very slow regreening. Thus, they, like a patA mutant (29) and DR3304b, assimilate N 2 slowly. Deprived of fixed nitrogen, their phenotype-like that of DR3304b (Fig. 1b) -closely resembles that of patA Anabaena sp. Therefore, we designate all3305 patL.
Other genes that, on the basis of our yeast two-hybrid analysis, remain as candidates for encoding proteins that interact with PatA are as follows: all1648, alr2269, all2869, alr3304, and all3787, each of which was identified by different prey vectors or by different restriction fragments in the same vector; all1649, all2869, and alr4383, which were identified 11, 6, and 5 times, respectively; 11 genes annotated as encoding a histidine kinase; and a few others.
Characteristics of PatL. Pentapeptide repeat proteins (PRPs) are found in prokaryotes and eukaryotes. hglK (3) was the first Anabaena sp. gene, and hetL (31, 36 ) the second, found to encode a PRP. An hglK mutant, when deprived of fixed nitrogen, lacks the glycolipid layer normally present in the envelope of heterocysts, and overexpression of hetL stimulates heterocyst formation and the production of multiple contiguous heterocysts. The structure of HetL was reported in 2009 (36) , in a paper that points out the presence of 32 Anabaena sp. PRPs, including PatL. PatL, which has two transmembrane domains near its N terminus (amino acids 43 to 58 and 81 to 92 [http://www.sbc.su.se/ϳmiklos/DAS/tmdas.cgi]), may be localized at the cytoplasmic membrane or have more than one localization site. Pentapeptide repeat patterns similar to those of PatL are found in diverse cyanobacteria, but proteins highly similar to PatL throughout its length have been found only in heterocyst-forming cyanobacteria. Like patA, patL showed no significant change in expression in response to nitrogen deprivation (data in reference 14 as reanalyzed in reference 47). The pentapeptide repeat region of All3305 is shown in Fig. 2 .
Because the mutant phenotype of patL resembles that of a patA mutant (29) , and PatA and PatL appear to interact in a yeast two-hybrid screen, those two proteins may function together in Anabaena sp. As a further test of whether PatA and PatL may interact in vivo in Anabaena sp., we sought to overexpress both proteins to attempt their coprecipitation. PatA was overexpressed with an N-terminal glutathione S-transferase (GST) tag in pRL3315 but was largely insoluble, and C-terminally His 6 -tagged PatL encoded in pRL3523 was detected by Western blotting but was never sufficiently overexpressed to be detectable by staining of a sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel (data not shown). Fluorescence from a PatA promoter-GFP fusion in a pDU1-based plasmid can be observed both in vegetative cells and in heterocysts (41, 50) . However, we were unable to visualize fluorescence by the chromosome-bound gfp-aadA cassette in pRL3304b by confocal microscopy, even though gfp was oriented to report on transcription from patL.
Even if it should prove not to be the case that PatL interacts with PatA in vivo in Anabaena sp., patL is one of few genes identified as having a major effect on heterocyst spacing, and so the results reported here should enrich investigation of the developmental biology of Anabaena sp. It will be interesting to learn why several PRPs are involved in heterocyst differentiation and pattern formation. We conjecture that because the pentapeptide repeat domain of HetL has the structure of a rectangular parallelepiped (a box) (36) , and boxes can stack, PRPs may interact by stacking. Overexpression of hetL allows heterocysts to form in the presence of fixed nitrogen or of overexpressed patS (31) 
